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ABSTRACT 

The object of our investigation ma* twofold* Our prlmarj in- 
terest was to design a photographic devioe for wee inside th» M*I*T* 
eyeletron for recording matron distributions from deuteron-iiviuced 
reactions and to devise laboratoxy techniques for use with our appar- 
atus* Our second problem was to analyse the data recorded by this 
photographic method of detection and to determine the characteristics 
of the mutron distributions, cooq?ariag these characteristics with 
those found ty other investigators who used otter methods of tetec- 
tion* 

Our photographic apparatus e(»si8tsd of a cylindrical chamber 
of over-all dirnsneiono of 2-3A diamater and 2-l/l» inch height, 
ae eised that it could ba Inserted in the inrobe target port of the 
cyclotron* Experiments could then be c<»ducted without interferenoe 
with the laboratory setupe ueed for work with the outside beam* Neu- 
tron distributions were recorded on Eastrma NTA nuelear-traok plates 
set in a radial array at l5-dagree intervals around a thick beryl- 
lium target* Film development was generally in accord with recom- 
mendad procaduras, and tracks ware oteerved wing a binocular micro- 
scope with dark-field illumination* 
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reducing exposure tlae, it ms found possible to Halt 
background radiation to an acceptable sdniauB aithout resorting to 
bulky- shielding, and yet retain a significant mariber of neutron- 
caused tracks in the do-ve loped plates. Throng selectiTe comting, 
angular distributions of a gi-vsn neutron energy band, or those due 
to all energies above or belos a given neutron energy, eoul^ be deter- 
nined. Because of -the statistical nature of the processes involved, 
however, a large n^saiber of counts had to be uade to reduce the sta- 
tistical error to acceptable Units* ^reteuatie errors in ensrgy 
could be kept to 8 pen^nt, but angular definition was liuited to 7 
degrees because of the small over-all sixe of our unit* In cnaparing 
our distaributicaiB with published results, good correlation at lew 
neutron energies vaa found with the curves of Schecter, but the 
double peak reported Falk at higher energy ms not conclusively 
proved by our distributions, altibou^ there were Indioatioae that 
further experinsntation would lead to a confiruation of -this dotble 
peak* 

It can be concluded that the apparatus and technique were 
found adequate for we inside ^e M*I*T* cyclotron in the detendna- 
tion of the groes character of the distributions tavolved* Finsr 
experlmntal work and uore involved counting ai^t lead to a deter- 
■ination of spin and parity values of the nuelear s-tatea involved 
through correlation with Butler*s hypothesis of l^e stripping proc- 
esses involved in deutercaif-indttwd nuclear reaotione* 

Thesis Supervisor! M. Stanley li-vlngston 

Title: Associate Professor of Ibyslcs 



ftTcfJt»so<T , J «*i- 'ey 

at aaiu'ff'ew tn'jdij-n iomixIs* »X.f.^.-o; • '^4 

la 'X4*rfe«p »int r^Xvd 

^S'Ti. XJfOO fc**» ■ «3ii Art* i ‘^U 9 

mb mefJ^ to ftttQiatf •‘''t?' w • ta ■^awWi.-sx-x^tlk 

A »q' ,\jpc«rr* oirvi»<ia » «»X«r» ip* — t«lir‘‘>*«» CX» c-t 

^hs%’Iftnii s«iiit«aa*a 9 ^xrita Xir'i. •»« ♦>!» •'-*!fo« 

Mj Aaii-iM^t ^ oJ- *>M 4fxM»c •%’i4£ > 

«ijsr*ui* ftj. ^hTiMiL lutimmmi-Mi- <t- t vi"* X*«fc.^i 

t tetJSKti ^j»«’ m£ 4 tei%tt dat-i 4 m «. tei*j»'o 

ttx ,Xhi 8 Vs IJjiuM m.l.* tv ^ £3^1 

wol iM aoI^sl&ntr9 ,^.£ii*m fifyiVi:Xi(toa •*i» Jyiil if% 2 u 

•il#^ ;I»<I •^v'ai*^ ^t.:^ ^Jf* a«i» f&f/st- <vw 

•^C^l%iiyJ.a*«a Xrni *am c^%-r"» Jjs ^ fer'7-n-.'rf (iX^t»^ 

aaoiT^sidisJL mm d'rn^ ‘r •« “:?S ‘»»w% 

sX&roti alJif lo ao.c&m%t'>jmo * ot Hiw«^ » ‘'txfO* •x««.*‘»il 

.tsm 

efs 9 » iA‘Pift 6 m& tmM ^ o<^ JTL 

-i.rlix'iWee aii? tti. 9lK:m!l ao» --^'D: flw«rx>a!h* u^iol 

■r^L- .L&rXffTCi "!» •jmfae>%"-do asfC’xt «l# “Jo 3 * 4 ^ 

• cd- bnaX •siflJemo fearlowt # 1 ^ J*v? jt'it# •«{*(• 

&s^Ioyt>^ 'i^.i^Xara «ttS« ^irm^ oam nXc'a )a 

-oorej snii'S^iti'a mi lo li’acdj^q'^ AiTuiT^toidf *>iM«if4T‘S.«o dm^oruit 

.— «A*X«m <Jw«i «iil^ mmm 

■rsi^^Til y%io 0 t-^ ,. ’.^^i.v^jcrt' GX»i^ 



'lo sn.t*i<w»oft 



if 



Caxdbridg*, Ibssachusetts 
16 May, 19^2 



Professor L. F. Haalltoa 
Assistant Sscrstary of the Faculty 
Ibssaehttsetts Instittite of Technology 
CanAnridgs, Vissaehnsstts 

Dear Slri 

In accordance vith the reqnirensnts for the Degree of 
Naval Engineer, a thesis entitled: "A Fhotographio Techniqtie 

for the Detenaij»tiOD of the Angnlar Distribution of Neutrons 
frt« Deuteron-Induced Beactions” is herewith subadtted. 



Respectfully, 



ACKNC3lfIEIXl»NTS 



The authors are indebted to Professor V. Stanley IlTingston 
for his invaluable guidance and supervision throu^out this inves- 
tigation* We also aish to thank i£r. Earle F* White, chief CTclotron 
operator, for his cooperation, and Ifr. Anthonj Speixiuto of the High 
Voltage Laboratory and Mr. H. A* Lundqtiist of the Experimental 
nigrsics laboratory for their assistance and technical advice. 



jHFci«|irivU .i. m;* br»^«^iib«i m-z •'fcrimii .-^r 

*ixf^ ^t&a aj: Jss.C • .-oi 

so'tfoLtr^o Istrio .1 Aftjif .<«| 94 SkJc •* .«f.#«i»U 

(<j|lP. »d4- lo -fMDuiMi .-Ji >rre- ,s3m}Jmmqm^^ «lstf tcI 

XfiinMBfTWBS *4:t "io 4s.tirp0auX .A ."f .•« i>fs* vw^ts-roi/aJ 

.soirri)« I^oiufaji# iaa j»i-.*ys»t»f»8!£ 'r**il/ ifol •^sc^»*ro-siT »> 



I 



TABIE CP COOTEKTS 

Page 

NuiA»r 

ABSTRACT 
ACKNCiriECOlENrS 
I. UfTRODIJCTIOH 

Tb» (d,n) R«ftctian 1 

Tho Fbotogmphic Tecfaniqw 1 

II. PROCEDURE 8 

Tha Soottaring Caaara 8 

Tha Ftiotograpiiic Plataa 12 

SxpoaTiTa l6 

Procasatng 19 

ComtlBg IS 

Accuracy 21 

in. RESUETS 27 

IV. DISCUSSIOH OP HESUIffS 29 

Rasulta 29 

CcnduaiooB 3 $ 

Racoonadatioaa 36 

V. GOMOLUSIOXS ARD REC(»ieNDATIOKS 39 

COQCluSiOQS 39 

RacoanndatiaQs 39 

TI. APIEHDn Itl 

Ocrlginal Data 1^2 

Raferancas U7 






mivm t m h i .r 

•!»>••• toM 9^ 

1!»'"t;.i»* .If 

itiuafp , in 
1b nDx^tfUi^aiQ .n 
^XirMM 
Mni».j:ita»3 



iK^IfiilMD^B ou 9KrifujaD& .v 

■wf Ilarvp 

KXOifnA .p 

MAU 



laM^staM 



I. rnTRODUCTIOM 



1* Th» (d,n) Reaction 

Recent liter&tTjre give* a rather clear insight into the 
pl^ical processes involved in deuteron~induced reactions. These 
reactions differ ft*oa ordinary nuclear reactions in that a eonpound 
nuclexie, in the nsual sense of the aord, is not alaays forasd. The 
deuteron as a unit my not coalesce aith the target nucleus, but 
either oos of its prototi or neutron constituents say enter the target 
nucleus, ahile the other is sheared off and escapes. Such a conten- 
ti(m say be proved by the fact tiiat the reaction "goes" ahen the 
energy of the incident deuteron is below the Coul(»b barrier and 
ahen a conventional nuclear reaction is energetically unlikely. This 
nuclear process, peculiar to deuteron- and perhaps tritl\a-indueed 
reactions, is called the Oppenheiner-Fhillpe reaction, or sore sijply, 
tile stripping xeaction. Both neutrons and protons are produced by 
this process, but our Interest aas Halted to the neutrons released 
in tin stripping reaction. 

The aide separation of the deutertm nuclear constituents and 
the deuteron 's relatively low binding energy are its dowdnant fea- 
tures and account for tiM Iwportanee of the stripping process. The 
binding energy has a connonly accepted value of 2.23 Msv^, and the 
radius of the deuteron is 2.1 x ICT^ ca. Because of this aide sepa- 
ration of constituents, the deuteron is a very loosely bound systea, 
the proton and neutron actually spendli^ aost of their tloe outsit 
the rai^ of their autual forces. Usually one or the other of the 
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tvo particles , upon ax*rlvlng at the surface of the target nocletts, 
ulXl be leniediately absorbed and irlU abandon ‘Uie other particle 
idilch Kill escape uithout encountering the nucleus* At our range of 
ensrgles (1^ Mar), single neutron eelsslon Is due almost entirely to 
the stripping reaction* Only In this loanner uould it be possible for 
a target nucleus to absorb a proton In a low enough energy state to 
arold the esdasion of another particle the ccu^pound nucleus* 
Theories of nuclear leuel densities stiggest that tuo-partlcle eonpe> 
titlon in a conrentlcmal nuclear reaction usually beeoses Inportant 
in the region uhere the Incident energy appreciably exceeds 10 Jfer* 
Hcmerer, in this energy region, the stripping process still alloss an 
appreciable probability that the neutron, in escaping,, ulU carry 
auay all or nearly all of the incident energy, leaving the eoirpouDd 
nucleus in a bound state* 

All thie is not to ia^te that all neutrons released by a 
deuteron boadsardment are dt» to the stripping process* This reaction 
is aluays in cosQjetitioo uitii the oonrentionBl nuclear process of 
coig>lete deuteron absorption* At low energies, the principal con- 
petition is betneen -Uie stripping process and the (d,n) c q ip o und 
nucleus reaction, uhile at higher ensrgies the (d,pn) and/or (d,2n) 
is the coapeting process* It has been estiiaated by authorities, 
houever, that at incident ^ergles up to 200 Msr, the stripping proc- 
ess accounts for approxinately one-half of the released neutrms* 

It is these stripped neutrons that give particular character 
to the eonposite neutron distribution curves* Nsutrons released by 
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the conrentional reaction ha-re an isotropic, or nearly isotropic, 
angular distributioa. Since the released neutron is not necessarily 
tbs one that -nas addted by the deuteron to the target ntclsus, there 
is no particular reason for it to hare any preferred direction in 
escaping fros the c(Hapound nucleus* Because of the pre-vlously men- 
tioned nature of the stripping process, hcmerer, there is a strong 
tendency for stripped neutrons to be concentrated in -the foreard 
direction; that is, the direction of the incident deuteron beam* 

The eoaposite curre is thre peaked in the forward direction, with 
tailing off at 90 and 270 degrees and beyox»i to an isotropic 
distribution* 

o 

Experimental observations by Schecter and others hare con- 
firmed this expected shape, azxi both he and Falk^ ha-re found that, 
at higher energies, there is a double peak -with particular target 
nuclei* Vlth beryllium as a target, Falk finds -the dovhle peak 
with xaximca displaced 15 degrees from -the incident beam at erergies 
above 9 Schecter reports a broader distribution at this energy 

as compared to 2 Mst, and the double peak at energies abore 20 Hbt* 
These results are in quantl-tatire agreement with the recent theoreti- 
cal prediction of distributions by Butler^* His paxmmeters are 
(a) the radius of the target nuclet»; (b) the incident deu-teron 
energy; (c) the outgoing neutron energy; (d) the angular momentum 
of -the proton that "sticks** Depending on the particular conbina- 
tion of the abore factors, he predicts the angular dlstxdbutlon to 
be expected* All cixnres show a pronounced maximum near or in the 
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forward diractlon. According to Btrtler, the position of tbsce naxiiaa 
is datendned by the spin and parity Talues of the nuclear states 
involTed, as the requirements of the coi^ervation of angular mown- 
turn and parity allow the nucleus to accept the proton with only very 
limited differences of angular momenta Ai • For deuteron energies 
above the Couloetb barrier, Butler distributims for Li *0 show a 
■aximiia at zero degrees and a ninor peak at * degrees j for 
A X ■ 1, the caxiMUB at + 20 degrees, and a minor peak at ^ 70 
degrees; and lZ " 2, a laziinmi at * UO degrees, and minor peaks 
at sero and ^ 80 degrees. 

If correlation could be oonclusiToly proved between experi- 
mental distributi<»i8 and Butler's theoretical predictions, a method 
of assigning spin and parity values to nuclear levels could be de- 
vised. If Idle spin and parity of the ground state of the target 
nucleus were known, and assimdng that the angular distribution of a 
narrow energy band of released neutrons could be photographically 
recorded, the spin and parity values of excited states of the com- 
pound nucleus could be determined by comparison with Butler's curves. 
Such knowledge mould be of great aid in understanding the complex 
internal struct uzm of nuclei. 

2. The fhotogrephic Technique 

Most investigators of angular distributions of neutrons have 
employed threshold detectors or proportional counters for detection » 
For good geometry and high angular resolution, the detecting (tevice 
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rrost subtend a ssmll angle at the target, vrlth the consequence that 
the currents or comts are lew. The llaits of the rssthod are reached 
vhen the background counting rate caused by stray iieutrons becosies 
an unacceptably large part of the total counting rate* Satlsfactoxy 
definitiOTi of the energy requires either thin targets, or the use of 
sons sort of threshold detector ehich uiU ellidnate the counting of 
neutrons belos a certain adnlaun energy* In losing threshold detect- 
tors, therefore, energy detendnations cannot be ccsitlnuous, but 
nrast be confined to fairly broad bands boxmded by the threshold 
energies of a relatively snail number of suitable detectors* The 
high stray neutron backgrotoid firom the cyclotron, especially uhen 
deuterons axe being accelerated, nakiss these energy detendnations 
still aore difficult* 

It has long been rrealized that photographic detection offers 
Batny advantages in the solution of these problems^* The sothod has 
been proved reliable for determinations of both the energy and the 
intensity of scattered particles^#^* In addition, it has the par- 
ticular advantage that all the desired data can be recorded simul- 
taneously, thus greatly reducing the* operating tlas of the cyclotron 
or other accelerating apparatus, compared to that required for the 
same investigation using other methods of detection* Furthermore, 
since the relationship betmeen the energy of a particle aikl its range 
in the photographic ennlsion Is veil defined, the photographic plate 
can be used to determine the number of particles per unit energy 
band^9, or as a threshold detector for particles above any desired 
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emrgir eorrespcndlng to « KdniBOB track length* Cooseqxientlsr, the 
photographic technique at present is the most coxrrenlent and precise 
aethod of analj^ing neutrcm spectra* The de-ralopaent of a photo- 
graphic device that could be used inside the cyclotron vould there- 
fore take advantage of these desirable features of photographic 
detection, and yet require so interference vith aore elaborate ex- 
periaental arrangeoents used in vork with the outside beaa* 

In spite of the fact that a vealth of experioental data oa all 
nuclear particles can be obtained fairly easily using a photographic 
technique, nost investi^tions of angular distributions by this nethod 
have been confined to charged particles^» 10-13^ Gibson and Llvesey^, 
in an investigation prinarily ccsicemed vith neutrm energy detenaina- 
tion, obtained sufficient data to indicate that angular distributions 
could be accurately detemined by this nethod, but little vork has 
been done in this field* In general, vork vith ^otographle enul- 
sions has required the use of considerable shielding to reduce fogging 
and background, particularly uhen deuterons are used in the priaary 
bean* Usually lead shielding has been used against gannn- and x-rays, 
and paraffin a^inat stray neutrons* Hoaever, the size linltatlon 
isq>osed by the requlrensnt that the device be used inside the cyclo- 
tron precludes the tise of ai^ effective thickness of lead shielding, 
and the vacuun reqxiirenents prohibit the use of paraffin* Since the 
cyclotron in operation is a copious source of ganni- and x-rays, as 
veil as charged particles and neutrons resulting fron partial scatter- 
ing of the deutez^n bean in its passage through the dees, deflector 
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channel, and septia, it appeared that a technique voiild hare to be 
dereloped to roduce these extramovs radiations to a aintcua without 
resorting to bnllcy shielding* Also, It vas anticipated that the 
external parts of the apparatus would beeone radloaetlwe because of 
stray deutercai istpact} the resulting radiation froa the ai;^ratus 
ItTClf not only would increase the background difficulties, but also 
would coi^licate the handling of the dcriee after exposure* 
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II . PROCEDURE 



!• The Scattering Caaera 

The design of the photographic apparatiis for recording the 
angxilar distributions of neutrons aas based the designs of 
slsdlar dSTiees, usually called scattering cameras, successfully used 
hy other iiwesti^tors^* 1(V13^ jjj analysing ehargsd-particls scat- 
tering* The controlling factor in the design tras the sise of the 
opening throng which the camera could be inserted into the cyclo- 
tron* The easiest access was the existing probe-target port, which 
had the additional advantage that it was equij^d with a vacuuai 
lock through which the casera could be inserted without breaking the 
cyclotron vacuum* Also, the cooling-etater tubes and the Wilson 
vacuum seal used with ordinary probe targets would provide means of 
support and orientation of the camera inside the cyclotron* In this 
manner, the camera could be adjusted so as to intercept the deuteron 
beam after its passage through the deflector channel* A schematic 
diagram of the arrangement of the camera Inside the cyclotron is 
shoen in Figure I* 

Since the beam at the point of interception is ribbon-shaped, 
with a horisontal dimension of about 1 inch and a height of about 
1/8 inch, the beet angular resolution could be obtained by designing 
the camera in the form of a cylinder which, when in position, would 
have its axis parallel to tin long dimension of the beam and per- 
pendicular to the direction of the beam* The size of the probe port 
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FIGURE I 

SCHEMATIC DIAGRAM OF CYCLOTRON 
SHOWING LOCATION OF SCATTERING CAMERA 




Halted the diaaeter of the cylinder to 3 inches, and the reqnire- 
nsnt that the gate (see Fignre I) be able to clear the canera aith 
the latter In its fully retracted position trithin the Tactwa lock, 
llMted the axial diKsnsiwi of the cylinder to 2-l/h inches. With 
these sexere dimensional limitations, it xas obvious that in order 
to obtain reasonable angular resolution the j^iotographic plates would 
have to be placed as far as possible from the centrally located tar- 
get and that, consequently, no useful amount of external shielding 
could be Incorporated into the design* 

The scattering camera, which was constructed by the authors to 
meet these requirements and other problems which developed as the 
work progressed, is shown in 1*e photographs. Figures H, III, and 
IT. The over-all dimensions of the cylinder are* dlamster 2-3/h 
inches; height 2-l/h inches* Brass was used in the construction 
because of its good machinablHty* The base is a disc of a maximum 
thickness of 1 inch and dlateter of 2-^/h inches, provided with 
sockets into which the cooling-water tubes are soldered* Originally, 
the bate was hollow for water cooling, but the short exposures re- 
quired wade this feature tmnecessary, and the tubes are laed for 
support only* A 1/16 inch hole drilled through the base prevents 
excessive presstnre differential from blowing out the dural-foil 
window idiile the vacuum lock is being evacuated* The sides of the 
cylinder are 2-3A brass pipe of wall thioJmess 1/8 inch, made 
to fit snugly over a shoulder on the base* A 1 inch by lA slot 
is cut in the side to provide a window for entraixse of the deuteron 
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FI6URE n 

ASSEMBLED CAMERA AND WILSON SEAL 




SECURING SCREW 



DUAL FOIL WINDOW 



COOLING WATER TUBES 



WILSON VACUUM SEAL 
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FI6URE m 

CAMERA WITH COVER REMOVED 
SHOWING INTERNAL ARRANGEMENTS 



PHOTOGRAPHIC PLATES 



I 





-9c- 




FIGURE IV 

FILMHOLDER UNIT MOUNTED ON BASE 



LEAD CYLINDERS 



CAGE 
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bean, and the slot Is mde light tight h7 corering it sith a 1-nil 
piece of dural foil attached to the Inside sail. The corer is a 
disc of thickness of 1/8 inch and dianeter of 2-3/li inches, machined 
aith a shoulder iriiich is a snug fit inside the side sails* This 
construction, like that of the base, nalesa the joint light tight, 
stable, and yet easily separable* A snail scree is set throu^ tbo 
corer near the center* the aides and corer are properly 

aligned with each other and the base by scribe narks, this screw 
can be set into the target holder, which is in turn screwed into 
the base* This holds the canera ti^tly together against any pres- 
sure differentials and insures li^t tightness and proper alignment, 
while at the sane tine it prorides for quick dlsasseahly* Figure II 
shows the assenbled canora attached to the cooling tubes, and the 
Wilson seal idiich in operation is bolted to the outer flange of the 
racuuB lock of the cyclotron chasher* 

The internal arrangements can be seen in Figmre XU* The tar- 
get holder, which screws into the center of the base, is made of 
3/8 inch brass rod 1-1/8 inch long and is machined so that, when a 
1/16 inch thick target is attached to it as shown, the plans of the 
target face is exactly dianetral and perpendicular to the entering 
beam* The top of the target holder is flush with the tmderslde of 
the corsr and is tapped to reeeire the securing screw preriously de- 
scribed* The 1^ inch thick lead cylinder, which surrounds the target, 
serves two purposes* first, it stops low-enez^ gaimaa-radiation and 
charged particles scattered from the target by the impact of the bean 
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and thtu prevents obliteration of the netitron-cansed tracks in the 
fila* Second, it is the inside part of the filzaholder, which sv^ 
ports the track plates in their proper positi«i inside the cylinder 
and serves as a holder for the plates during photographic process- 
ing. 

The outside of the filnholder is the cage idiich aligns the 
1 inch by 1/2 inch track plates in the desired redial array around 
the target. The starting point for the nanufacttnre of thin piece 
was essentially a cylindrical cup 1 - 1/16 inch hi|^ and 2 - 1/2 inch 
in dlaaster having a 1/8 inch thick base and sides. Slots were 
Billed every 15 degrees aroimd the periphery, froa the top to a 
depth of 1/16 inch in the base. Then siKilar slots were provided 
every 7-1^ degrees in the forward seadcircle to give better angu- 
lar resolution in the forward direction. These slots were cut so 
that, when the track plates are properly inserted, the plane of the 
estul8i(m side of the plates is exactly dlanetral, and the neutrons 
froa the center of the target enter the emulsion tangentially. The 
width of the slots is 0.080 inch, about 0.010 inch greater than the 
average thickness of the plate, to allow for variations in plats 
thickness. Both the cage end the lead cylinder are provided with 
a slot to permit entry of the deuteroo bean. A l/l6 inch thick disc, 
which is attached to the top of the cylinder and cage by screws, holds 
these two pieces together and completes the fUidiolder unit, shown 
aounted on the base in Pigrare IV. This unit is aligned within the 
cylixkder by a snail aligning pin in the bott(» of the cage which fits 
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« corresponding hole in the base* After exposure of the flln inside 
the cyclotron, the filjaholdar can be renoved bodily by reso'ving the 
coverf the entire unit eith the plates enclosed is then sidbjected to 
the necessaxy i^otographic processing* 

The canera provides for deteroination of the dlstributi<»)s 
froB sero to 11^0 degrees on both sides | the plates at 16^ degrees 
are blackened by ehairged particles scattered fToB the dural-foil 
uindow, but thus serve to shield the other plates fTosi these parti- 
cles* The ij^Mrtaace of cheeking the syanetry of the distributions 
Bill be evident in the discussion of results* 

2* The Photographic Plates 

The photographic plates used uere Eastaan Kodak KPA nuclear- 
track plates having an eanlsion thickness of 25|i and a developed 
grain siae of about 0*6(t« These plates proved advantageous for a 
nvaber of reastms* This type of fii^-grained nuclear eiaalsioB is 
not activated appreciably by gassna-radiatlcm* Tests by Desers^ 
showed that the gaBoa-ray fogging is tolerable until tbs plate re- 
ceives a total eaqcosura of a few hundred roentgens* Fast beta- 
particles have little affect on the enoleion except to cause fog- 
ging with excessive exposures} low^nergy betas produce recognisable 
tracks in very sensitive enalsions, such as those on ITTB and Ilford 
C-2 plates, but do not register appreciably in ^A enulsions. These 
features were particularly desirable in our work, since the only 
shielding of the plates trtm radiations inside the cyclotron tank 
was the 1/8 inch thickness of the brass walls of the cylinder* V^ien 
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OTA and NF6 plates mre exposed slsiultaneoiisly in test mxis, the 
ITTA plates had a negligible background, ehile the NFB enralslona eere 
snffioiently f<^ged to preTent observation of tte neutron tracks o 
In spite of the loe sensitivity of VTA plates to gaona- and 
beta-radiation, they have an eoccellent sensitivity both to prijcary 
charged particles, and to neutrons as evidenced by the recoil pro- 
ton tracks froa elastic collisions aith the hydrogen nuclei in the 
eoulsion. Sloe netrtrons aay also cause registration of short proton 
tracks froa the N^(n,p)C^ reaction* As far as thezaal neutrons 
ei-Uiln the cyclotron chaaber eere concerned, this reaction did not 
appear to be liq>carfcant in our aork, sizuse a consideration of the 
energy-level diagranP-^ of shoes that the energy of the recoil 
proton eiU be about 700 kev* As eiU be seen later, this energy 
corresponds to a track length of about lOp, only slightly greater 
than the ainlaua track length observable elth the vienting techniques 
need* Honever, the energy-level diagram of ahoea that ehen Be^ 
is bombarded mith deuterras of energies between 0*92 azid 1*92 M»v 
there are three thresholds for the production of sloe neutrons, 
attributable to the deoay of the compound nucleus into excited states 
of B^^* This reaction can be Initiated by deutercnzs which have been 
slewed down in the thick target* The most energetic neutrons flrom 
this reaction could produce fren the H^(n,p)C^ reaction protons 
of energy approaching or exceeding tbs threshold of 2«U Hsv corre- 
sp(»ding to a tzmek length of ^Op, the Goriest tracks counted* 

This effect, since it results from a eompound>nxK:le us type of reac- 
tion, mould be nearly iaotropie and mould be only a small part of 
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the general Isotropic background resulting from other coxq>ound- 
nudeue reactions in competition eith the stripping process* The 
sxitject Is xientloned further in the discussion of the results* 

Another advantage of the HTA plates eas that sufficient data 
sere arailabls on the stopping poser of the eatulsion to sake cali» 
bratlon runs unnecessarj for our purposes* The stopping power is 
dsfined as the ratio of the mean range of a particla in standard 
air to the mean range in the esulsion, and is a function of the idei>- 
titj and energy of the particle* Coa^inlng this function sith the 
relation between the energies of alpka-^srticlee or protons and their 
rcspectiee air ranges, determined by IdTlngston and Bethe^, gives 
a calibration curve for tlw emulsion* For hi^ accuracy, it is 
desirable to procure a large supply of plates of the same emnlsioo 
noid>er and to obtain aceinrate calibration data for the emulsion by 
measuring track lengths of particles of known energy^^^^y since 
chants In c(»|>ositi(m between different lota of plates may affect 
the stoi^iz^ power* However, the relationships between range and 
energy of various icoiizlng particles in Ilford ¥R emulsions have 
been studied by lattes, Fowler, and Cuer^^, who report that their 
data are applicable also to emulsions of other types but of similar 
grain slsa and coa^sition* lagoda^^ gives the foUoeing eos^iari- 
son between Ilford IR and Kodak XTA ennlsic»»s 
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Grain Si»* t 

Ilford 0.5p. 
m o.6n 



Number of Atoms t 
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Ilford 


1 


1 
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1.6 
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0.87 


0.025 


NTA 


1 


1 


2.^ 


1.5 


0.^6 


0.56 


0.008 



Tagoda also states (p. 91, Table 8 Note) that Xlford NR plates 
hsTs the saas chealeal e«qposltl(m as the Eastoan NTA esolslon* 
Becatae of the sixdlarity of the two eanilslons and the good agreeaent 
between aTailable calibre tim data on UTA plates and those for Ilford 
m plates, the curre of proton range versus energy ptbllahed by 
lattes, Fowler, and Ctior tras cosisidered sufficiently accurate for 
our purposes* Figtire ?, talcen from thsir paper, is the calibration 
curve used in oxir investigatiwi* 

The relatively thin exulsicsi had two advantages* First, since 
the thickness of the eculslon after developnent was only about 12(i, 
very little aovesent of the microscope objective was needed to scan 
all depths of the emulsion for tracks* This facilitated rapid count- 
ing and wade for a sdniBium of eyestrain. Secondly, this thickness 
of emulsion required none of the elaborate processing technlquss 
that mast be ised^ with thicker emulsions. Thicker emulsions are 
also sxhject to dehydration and peeling under use in a vacuum. 
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Zn order to facilitate cutting the 1 b7 3 Inch plates Into the 
U \J2 inch size reqi;dred, a special jig vas deyised* The glass 
MS irere supported along their edges, eaulsltm side dosn, over a 
■jnel in a brass slab so that the upper side of the track plates 
^cted slightly aboye the top of the slab* Then a coyer eas placed 
the slab, clasping the plate tightly* This coyer was slotted 
•syersely at 15/32 inch Intervals, the slots being just wide 

i h to aecoBBodate an ordinary saall glasscutter* In this fashion, 
he scratches could be aade at once, and the plate easily broken 
■ pieces of the required size without ezcessiye handling and with- 
iMBage to the ennlsion* The plates were cut 1/32 inch undersixe 
|•oride a nex^^ against irregularities* 



hcposure 

I The correct location of the canera Inside the cyclotron and 
i,(oquired expoeure to the beam were both deterained by trial and 
'f * A rough check of the proper location was given by the rela- 
i^lackening of the two plates adjacent to the entrance slit, 

I by charged particles scattered frc»i the dural-foil window* 
r check was the position of the greatest induced activity of 
iitslde of the camera, as indicated by a OM counter* It was also 
feasible to locate the bean with respect to the canera by cover- 
entrance window and a snail adjacent area of tho outside of 



r 



(jtnsra with oelloi^ne tapej a few seconds* boabardnsnt was then 



4 



lent to record a charred inage of the bean on the tape* This 
also confirmed the oxlglnal estimate of the bean diasnsions and 
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shape* The final check on the correct location ■was of coarse syai- 
jnetry of the angular distributions, and this check required cmmtlng 
the tracks on tho plates. In order to reduce the statistical error 
in Baking this check, a fairly large nujaber of tracks, say 200, 
should be counted on two corresponding plates on either side of the 
forward direction. The number of tracks should agree within the 
statistical error. The liaportance of Insuring correct location 
within small linlts was not fully realised when the recording runs 
were wade, and the resultant asyxsBetrical distributions nade the 
data difficult to ewalTiate. 

Tho duraticm of the exposure was too short to be wasured quan- 
titatively any of the existing cyclotr<si instxniaents * The exposure 
was Bade by warsdng up the cyclotron and then sweeping it through 
resonance by rapidly varying the segnetic field. The total exposure 
resulting fron this tjrocedure was probably of the order of 1 niicro- 
couloBb. For the purpose of registering the desired number of tracks 
per unit area of the plates, which would mke for the easiest counting, 
the exposure was regula ted by varying the rate of change of the mag- 
netic field. The optimum density of tracks for rapid counting was 
found to be about 150 tracks of all lengths per square aillincter of 
emulsion. Greater densities resulted in a ccsisiderable overlapping 
of tracks, which made the tracks hard to distinguish, and were also 
accompanied ty greater fogging of the film from ganna-radlation. 
lesser densities »de the tracks very easy to distinguish, but neces- 
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sitated scanning of larger areas in order to count sufficient tracks 
to keep the statistical error at a low value. 

The background neutron intensity inside the cyclotron tank, 
caused by scattering of the beam by the dees and deflector channel, 
«as neasiu^d by naking a r\m with the canera inside the cyclotron 
in such a position that the beam passed near the canera without 
bitting it. Since the canera was not in the actual rocording posl- 
tl(», this laeasureaent could be considered only qualitative but, as 
will be seen later, the stray neutron intensity was negligible 
cosqpared with the intensity frora the (d,n) reaction at the target* 
Because of the short exposures required, it was possible to 
insert the camera, taake an exposure, and rexove the cai&era in as 
short a tiiae as a few ninuteo. Hence, the exposure of the plates 
to the ganiBa-background inside the cyclotron was very short, and it 
was found possible to mke sticcessful runs iinnp;diately after the 
cyclotron had been in operation for several hours, although the 
fogging in such cases was noticeably greater than in cases when the 
■Bchine had been idle overnight. After removal, the outside of the 
caeera in the vicinity of the entrance window was adldly radioactive, 
registering about 20 kt per hour of ganaa-radiation on a counter at 
a distance of 3 Inches. In order to sdnioize fogging due to this 
activity, the caeaera was lieaediately renoved to the darkroom and 
disasseEibled j the fllniholdor unit, which was not radioactive, was 
then removed and the plates, still within the holder, were subjected 
to processing. 
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It* Processing 

The plates were developed in Kodak D-19 for 3-1/2 minutes. 

This development appeared to give the best compromise between 
clearly visible tracks, brought out by long development, and mini- 
Duai fogging, accomplished by short development. After development, 
the plates were rinsed in water for 30 seconds and fixed in Kodak 
r-5 for 30 minutes, rinsed in running water for 30 minutes, and 
dried by evaporaticxi under an inverted beaker. All chemical solu- 
tions were filtered through cloth and kept at a uniform temperature 
of 72 °F. 

5 . Counting 

The microscopes used were Spencer binocular microscopes with 
a 20X objective and 12X oculars, giving an over-all magnification 
of 2 U 0 . The mechanical stage was movable by micrometer screws and 
equipped with vemiers having a least cotmt of 0.02 mat in the 
horisontal direction and 0.1 wa in the vertical direction. This 
provided accurate resetting when the stage had to be moved in order 
to observe long tracks that extended out of the field. A square 
reticule of 100 small squares was superimposed on the field. The 
side of each square, under the magnification used, represented a 
distance in the emulsion of Since the interocular distance 

of the two observers was the same, separate calibration was not re- 
quired. The fine-focusing adjustment was also provided with a scale 
of least count 2.5p. By focusing on the grains at the extreme top 
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and bottom of the eaulslonj it nas thus possible to measure the 
arerago developed emulsion depth as 12.^ * 2.^p. 

The criteria for track counting meret 

a* The track must have a length equal to or greater 
than a specified minimum* 

b* The track afost have its origin vlthin the grid 
superimposed oa the field. 

The minimum track length that could be measured or easily 
estiiated mas the dimension of the simill squares of the grid, 
and all minima chosen mere multiples of this length. Although the 
traekB mere random in direction, the grid allomed easy estimation 
of lengths up to 200p) in doubtful cases, the grid mas rotated to 
aid measurement. Movement of the field mas seldom necessary except 
mhen counting tracks over 200p, mhich frequently extended out of 
the grid and/or field. The randomness in direction of the tracks 
resulted from the fact that the target subtended a vertical angle 
of ItO degrees at the center of the plates. Althout^ due to this 
effect, it is actually possible for protcms to recoil back tomard 
the target, the cosine-squared relaticmship betmeen neutron and 
proton energies made the longest of these tracks shorter than the 
minimum length counted. The origin of uty counted track mas there- 
fore actually the end of that track nearest the target. 

Since the plates mere of nonstandard sice, duimy plates mere 
used to assist in clamping the plates on the stage. The stage 
micrometers mere used to insure, mlthin the limits of accuracy of 
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the plate size, that the saae area of each plate was scanned* This 
largely nullified the Inverse-equaro effect on the track density of 
varying distances flroa the target* 

Each zoinisaa track length corresponded, hy Figure I, to a 
sdnivia energy vhlch ae have called tiie threshold energy, since this 
■ethod corresponded to the use of threshold detectors* The dlTfl~ 
cttlty of coxmtlng, and the tine required, gtultlplied rapidly as the 
threshold energy increased, because of the necessity of Bovtng the 
field to aeastnre long tracks and the necessity of scanning larger 
areas in order to count sufficient tracks to keep the statistical 
error low* No account aas taken of any dip angle of the tracks in 
the earalsicn* 

6* Accuracy 

Assufldng a bean height of 1/6 inch, idilch corresponded rou^ily 
with the beam iaage charred on the cello|^ne tape, it was estimated 
that the angular resoluticm of the casBra was approzlBBtely 7 de- 
grees* This was c(»isidered sufficient to resolve the peaks in the 
theoretical distribution* The statistical error was assuaed equal 
to the square root of the nuwiber of counts aade in each plate* For 
■ost of the runs, at least 100 counts were nade in the forward direc- 
tion, giving an accuracy of abottt 10 percent in this direction and 
of about 30 percent at angles greater than 70 degrees. For run D, 

500 counts were nade in the forward direction, but unfortunately the 
asyxBM»try of the distributiwi nullified the expected laproveMent in 
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tho SBoothnBsa of the cxurrea. Also, the greater density of tracks 
in these plates seeit»d to Increase obserrer error, possibly due to 
fatigue, so that the improTemeiit nas negligible* Since no attenpt 
was made to ccsnpare data on different energy spectra of the neutrons, 
it ‘sas not necessary to mke any con*ection for the energy variation 
in the neutron-scatteiring cross sectitm of If* 

It is of interest to estlsete vhat ve viU call the "average 
probable error in niniinu* energy" (defined later), the mlnisram energy 
being that corresponding to a ninisna track length. This estimate 
leads to conclusions regarding the extent to vhich one sii^t define 
energy bands by observing track ler^hs, and hence the extent to 
ahich one could obtain the angular distribution of neutrons aithln 
these energy bands. 

In order to simplify the calculation, it is assumed that only 
horisontal tracks in the vicinity of the center of the photographic 
plate are to be counted. Nos consider the thin strip of the target 
upon which the deuteron beam is incldexit. (The bean is considered 
to be of uniform Intensity along the strip; if it is more intense 
tosaird the center, the error will be reduced.) This strip can be 
divided along its length into elementary areas dA, each of which 
can be considered a source of neutrons from the (d,n) reaction. See 
Figure VI. 
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Figure VI 
Schesetlc Ciagree 

for Calculation of Least Probable ?brror In lUnisw Energy 
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Because of the proxielty of the target and plate, an irrrerse- 
aquare intensity rule must be applied to obtain the ralatlT® flux 
of neutrons from each dA» For dA* at an angle 6 fron the horizon- 
tal, the flux, compared te that from dAg, mill be 

^ - 

The horizontal tracks produced by neutrons fToa dA^ must result 
troa head-on coUlaions so that the neutrons haTs a ninisnaa merer 
Sno aqual to the sdnimua recoil proton energy corresponding to the 
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track length selected* Since the recoil proton energy varies as 
the cosine squared of the angle between the recoil proton track and 
the incident neutron direction, it is easily soon that the slniimm 
energy that a neutron frost dA' could have in order to produce a 
■ininiua recoil track is » Eqo/cos^ 9* The error in the oinlmoa 
energy is then 

iE„ ■ E'n - ®no - ®no 
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AEn 




tai^O - e* 



This auBt be corrected for the probability of colUsiona that 
aza due to neutrons froa dA', that is, for the relative intensities, 
so that the result is 



®no 



sin^d* 



The average error e can now be calculated from the usual deflni< 
tlon; that 1st 
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For the scattering caioera used, 
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Thsoretlcally, this raeans that neutrons of energy about 10 
Ifev could be oeaiilngfully defined In energy bands of 1(0 ker* Other 
considerations, however, rule out the possibilily of such a conpara- 
tively good energy resolution with this aethod* For instance, since 
no allowance was eade for the dip angle of tlw txack in tbs enulsion, 
only the horisontal ccxaponent of the track length was neasured. The 
error would be negligible for 10~lisT neutrons but would increase with 
decreasing energy to a mxlntci value of about 12 porcexit for 2 .U-Mbv 
neutrons. Long tracks frequently exhibit discontinuities and curva- 
ture caused by scattering, naking accurate length neasureaent dif- 
ficult. Also, the practical aspects of counting reqtxlre that the 
siniKDi track length be an integral number of divisions of the eye- 
piece scale. This results in an energy rai^ of 1.3 Mav, or about 5 
percent, at 10 Msv. There is also the question of the statistical 
variation in track length for neutrozm of a given energy. It has 
been shown by lattes, Fowler, and Cuer^^ that, for 2- to 13-Mbv 
protons, the uncertainty in the energy as deduced from the track 
length is not appreciably greater than that caxtsed straggling 
as defined by Livingston and Bothe^^ (P* 326)^ which is of the 
order of 2 to 3 percent. 

It is seen from these considerations that it is possible to 
keep the average probable error in the miniKua energy within about 
8 percent. Hcaevor, altiiough the preferred track direction is hori- 
sontal, the relative niariber of horizontal tracks Is low because of 
gecnaetiy. Unless the beam can be better defined so as to aaks the 
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nsutron source soall and the n\is£)er of horisontal tracks It 

is not considered practical to attei^t to define neutron energy 
bands by this ssthod* 

No attOBipt eas sade in this experlxtent to define energy bands 
* 

In this iMiyj only threshold exiergles eere considered, for shich the 
error sas a combination of the straggling, statistical, and obserrsr 
errors mentioned abore* The estixated mximum error in the forward 
direction mas about 1^ percent. The experimental results, howerer, 
show that the actual error was considerably less than thia, naximua. 
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m. RESUUS 

Th« principal result of our InTestigatico was proof of the 
capability and reliability of our i^otographie deTlee in recording 
neutron distributions fron reactions Induced inside the cyclotr<m 
chanber* 

The capability can be best illustrated b7 reference to Figusre 
VII, shlch is a phot<»lcrograph at 250QC nagnificatlon of a plate 
exposed in our deyice to neutrons froai the deitteron bosbardaent of 
berylUua* The particle tracks gtre a aeasurs of priaary neutron 
intensity by their density az^ of neutron energy fay their l«igth« 

Of particular note is the good contrast between tracks and back- 
ground. Figure VIII shows the relatively unlsportant background to 
be expected when using exposure tiaes that glee the density of 
tracks shown in the prerlo\» plate. The reliability oi our derice 
can be shown by a coaparison between curves of the angular distribu- 
tion of neutrons froa the Be^(d,n)B^^ react! (», as ecaiplled using 
our drviee, and curves published fay other Investigators and those 
proposed in recent theory. Figure IX represents a coopllation of 
the Infomatlon recorded by the photographic plates in our device^ 
plotted on the sane scale with the published curves of Sehecter^ 
who used threshold reactions for neutron detection. The compari- 
son shows good correlation in both the angular position of the 
aaxiaua peak and the half-width at half-aaxinua. Figure X is a 
coaparison between this saae run and theoretical predictions by 
Butler, and illustrates the general correlation of experiment with 
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FIGURE Vn 

Photomicrograph of Representative Plate, Run B, Showing Recoil Proton 

Tracks from (d,n) Reaction 




0 $0 100 1^0 200 
Scale (Microns) 

The average density of tracks over 50p long in this plate was 
150 per sqTiare millimeter of emulsion. Because of the varying depths 
of the tracks in the emulsion, not all the tracks are in focus. In 
some tracks, the variation in grain spacing with particle energy is 
evident. Sone tracks also show scattering. 
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FIGURE VIII 



Photomicrograph of Representative Plate, Run A, Showing Recoil Proton 
Tracks from Neutron Background TiTithin the Cyclotron 
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The average density of tracks over ^0|x long in this plate was 
about 2 per square millimeter of emulsion. One such track is visible 



near the center 
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FIGURE X 

RUN B- COMPARISON OF EXPERIMENTAL 
AND THEORETICAL DISTRIBUTION 
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FIGURE Xni 

RUN B- COMPARISON OF EXPERIMENTAL 
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theory* Run D, in Fignre nas complicated by miaalignBont be- 
tween the geometrical center line of our derice and the plana of 
the incident deuteron beam; but despite the asynnetry the curve 
from run D shoes qualitative agreement with the other curves* 

Figure III illustrates the change in the character of the distribu- 
tions with increasing neutron energ 7 * The broadening of the peak, 
as shown in our distributions, agrees with the observations of 
Schecter, and the appearance of the double peak at energies above 
9*U Ifev is in accord with the measurements of Falk* The asym- 
metry of our curves can be attributed to the same type of misalign- 
ment noted in rtm D* Ih Figure XIII, there is a comparison among 
OTur curves for neutron energy above 9»k Jfev, the work of Falk, and 
the experimental predictions of Butler for an angular momentum 
change of 1* Despite some differences, the over-all correlation 
is good, and the reliability of our device is evident* 
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17. DISCIISSIO!? ^ RESULTS 

1. Results 

The sost fundaaental question of our thesis was of the gen- 
eral feasibility of pAiotogmphically recording nsutroo distributions 
in the high backgroimd of the cyclotron chasftwr. Hence^ the cape- 
bility of our photographic device, a# illustrated by the aicrophoto- 
graphs of Figures VII and VIII, 'sas one of the aost ii^>ortant results 
of our investigation. Figure VII Illustrates that neutronr-caused 
tracks can be successfully recorded, and Figure VIII shews that the 
background present as these tracks are recorded is alaost inelgnlfi- 
cant. 

The density of tracks, as shown in Figure VII, ie high enough 
to allow a sufficient nueher of counts to be node to give a fairly 
lew statistical error. In our preliadnary work, to 100 tracks 
per p3ato of length ?00 ja (9*U Ifev) were made, giving a statistical 
error of 10 percent. Of particular help in the rather arduous task 
of ■ieroseoplc exawination of the plates, ie the good contrast be- 
tween tracks and background evideneed by our developed plates. When 
viewed tnder the adcroscope using dark-field iUtodnation, the rela- 
tive shadings are reversed, background black and tracks white, and 
the contrast is even better than shown by the adcrophotographs • 

The backgrotnd, illustrated Figure VIII, is not a cowpletely 
accurate portrayal of conditions as they exist during boabardoent of 
the target by the deuteron beaa. It is physically iaposslble to 
separate background tracks from stripped neutron tracks under these 
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conditlons* To picture the backjjrotaid as closely as i»as hueanly 
possible, a run ras mde «tth our device retracted jtist enou^ 
from its normal position to alios the dcuteron bean to sweep by 
without obstruction* E^jqpoaure time was slightly longer than usual 
in an attempt to correct for the ahnorml condition. The results 
showed the backgrotaid so insif^itficantly small that no edjttstmonts 
were necessary in the tabulation of track counts* 

Althou^ the capability of our device was a necessajy condi- 
tiw of success in our investigation, it was -ttw proof of its re- 
Itabili'ty that provided the sufficient ccxidltion* Its faithfulness 
in recording neutron distributions from the deuteron b<»ii>ard)asnt of 
bexyUitm is illustrated by Figures U through XIII, althoui^ ad- 
mittedly aomswhat imperfectly* It was not our purpose to pursue 
the experlmantal techniques to the fineness that coopletely accu- 
rate curves (within the limits of our device) would demand* 

Rather, proof of the general reliability and potentialities of 
our device was our aim* 

Figure IX is perhaps enoxigh to indicate this. It was prepared 
by microscopically counting all trac3ss over 50p, (2,U IAjw) on indi- 
vidxal plates, tabulating results, and presenting them in the form 
of the curve. lamediatoly evident is the peaking in the forward 
direction, characteristic of noutrons from deuteron-induced reac- 
tions* Our exporinental distribntico compares favorably in general 
shape and half-width at half-maximum with the observations of 
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Schscter, who iised threshold reactions for neiitron detection. His 
distributions were only carried to a point 60 degrees f!roK the for- 
ward direction beyond which he asstoesd an isotropic nexitron distri- 
bution from tho decay of the cosspound nucleus into + n. 

Our obsenrations tend to confirm the general Talidlty of this assump- 
tion, but they seem to indicate the isotropic distribution ascrmes 
importance at ?0 degrees and beyond. 

Figure X is a cos 5 «.rinc 8 i of this sane run with the theoretical 
predictions of Butler for a zero angular 2 ioE»ntusi change. The 
ratios of zero to po-degrce intensities show fair agreement while 
there is a larger discrepancy in peak width. This can probably be 
attributed to the fact that, at these neutron energies, there is 
likely to be a mlxtiire of eren Lt changes rather than simply that 
of ^JL ■ 0. Higher i^jnentusi changes in Butler’s theory lead to 
major peaks displaced from the forward direction, and a small amount 
of these changes conblned with the tL *0 transfomatlon could 
lead to a distribution shape such as shown by run B. 

Run D, pictiured in Figure XI, while showing quantitative 
agreonent with the predicted shape, is cosnlicated by the fact that 
all intensities on one side of the target are lower than those of 
correapondli^ plates on the opposite side. This asymraetry caraiot 
be justified by any theory of stripped mutrcMi beharlor and must 
be a consequence of systemtic errors in technique. A closer exami- 
nation of run B reveals the same dlscrepemcies to a less noticeable 
degree. 
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Th® most probable soixrce of this error ytas a misallgiaient 
between the geoaatrical center line of our device and the plane of 
the incident deuteron bean. The distributiwi curves Indicate that 
the beau did not strike the target along its center line but so3ee» 
what to ono side; that is, on the upper half of the tairget as it was 
oriented in the cyclotron. This would lead to a l/r^ dlainution of 
nexrbron intensity on the opposite side and would. In part, account 
for the asyuE^tiy. 

However, a closer exaiaination of the ratio between intensi- 
tijss of equal-angle plates on opposite sides of the target shows 
that these ratios have a peak value at a point somewhere aromd IS 
degrees and a decrease at smaller and larger angles. Clearly a 
l/r^ correction alone carmot account for this. Became of internal 
construction features of our camera, however, there are other ad- 
justaants to be applied that, in con.1unction with the l/r^ correc- 
tion, give a couposite adjustmenb curve with a peak close to IS 
degrees* 

There are two features to be considered. The first is the 
shape of the brass target holder backiag up th® beryllium target. 
Since its shape is sesdcircular (see Figure m), a neutron owanat- 
Ing from a collision on one side of the target center would have 
less brass to pass through before reaching the photographic plates 
than would a neutron leaving at an equal opposite angle. The ad- 
justment to neutron intensity ca the photographic plates would have 
a saxijQun at approodwately 75 degrees, diminishing slowly at swallsr 
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anglds, but going effectively to zero at 5^ degrees, as the strip- 
ping reaction can be considered as aljsost exclusively a surface 
phenonemm* 

The second feature is the relative position of the emOsion 
surfaces on the photographic plates as arranged in ottr device* They 
are placed back to back; that is, eith the estolsioaii on the left SU3>* 
face of the plates an one side of tlw zero-degree plate and enilaion 
on the right side on the other side of the adddle plate* Ag^in 
assuming an off-center collision, a neutron leaving at stieh an angle 
that it Hill bo recorded <m a given plate on one side of the zero- 
degree plate can reach the emulsion directly aithout passage throu^ 
the glass plate* On the other hand, a neutron leaving at an equal 
oppooite angle viU have the glass plate interposed between its 
source and the eimilsion* To reach the eaulsim on the opposite 
plates and be recorded, the neutron suet pass throu^ a greater or 
lesser length of glass, expending iipon its obliquity* The correc- 
tion to be applied to neutron intenslly will be a maotliBai at small 
angles and decrease to zero at 90 degrees* 

It is to be noted that all three of these adjustments to 
neutron inteneity are in the sase direction and in each case mill 
increase Intensity on the plates on the opposite side of the target 
on vhich the off-center coUi8i<m Is assiseed* Rou^ calculations, 
considering the neutrons as point sources and the scattering cross 
section as 2vr^ in the formula 1 (Intensity) • with 

n • nnclei/ttiit voltsis and x • the distance of travel throu^ the 
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absorbing oedltaB^ indicate that the naxisaa corrections arising fron 
the internal construction features are of the sane order of aagnitude 
as the ffluciwm l/r^ correction, assuning an eccentricitx of approxi- 
aately 1.^ nUlineters. The coabination of corrections tiould lead 
to neutron intensity ratios of approximately 1.25 at 15 degrees, 

1*7 at U5 degrees, and 1.25 at 90 degrees. This is roughly in agree- 
■ent eith the pattern of obserrsd intensity ratios and indicatss 
that the asyzzaetry, as shown by runs B and D, is most probably due 
to a very sli^t aisalignnent between the ge<netrical center line 
of our device and the plane of the deutcroo bean. 

Further corroboration is offered by ezporinental runs made 
eitii the position of our photognphie device progressively raised in 
relation to the dsuteron bean. Run B had a ratio of intensities on 
plates 11 and 13 (at + 15 degrees to the Incident bean) of 1.25* 
Successive runs reduced this ratio to 1.09 and finally down to 1 . 01 . 
Accurate experinentation, however, was mede difficult becatsie of 
technical cyclotron problens which necessitated alnost daily shifts 
in the lateral and vertical position of the bean. These shifts of 
course invalidated our reference points and conpllcated controlled 
sxperinents. However, the investigation showed to the authors* sat- 
isfaction that the asynantry of rtms B and D was due to nlsalignnent 
and that careful technique woTild eliniaats this source of error. 

The plots of Figure III Indicate a broadening of the major 
forward peak with increases of aeutron enei^. Scheeter's curves 
also Indicate this fact, as will be noted by reference to his work 
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<18 shovn in Figure H. Of aajor inte«st is the appeerance of the 
double peak at neutron energies above 9*U l^v* Schecter does not 
report this peak until 20 Hbr is reached, but Falk, using both 
threshold detectors and proportional counters, reported the double 
peak at 9 Hbv, His curve is shcsm in Figure Xm, along uith the 
theoretical predictions of Butler for an angular sosentim change of 1. 
Our curve shows an asysBetry uhich is probably due to the saae ads- 
aUgnaent error noted previously* However, the appearance of this 
double peak, even thou^ distorted, was of the greatest iaport in 
proving the reliability of our device. Recent expeziaental eori: 
uith stripped protons, ehich obey the saae lass and have distribu- 
tion curve sinilar to thoae of stripped neutrons, has gone far in 
proving the aain points of Butler*s theoxy. Failure of our device 
to shoe the double peak night raise serious doubts about its relia- 
bility* Hosever, in the authors' opinion, our ounre, as ^crsn la 
Figure nil, does e^dxiblt this doidile peak, although sosisidiat inper- 
fectly* It is to be regretted l^t further experinontal vork could 
not be done to better illustrate this point, but a cyclotr<m shut- 
down along with the tiss deadline of this report combined to curtail 
any further investigation* 

2. Conclusions 

It should be rcaenbered that none of the foregoing distribution 
ctzrves are claijaed as highly aeouxnte portrayals of neutron distri- 
butimi. As ^uwvlously noted, experiaental techniques were not cai>» 
risd to the point that such a statesent would require* It is felt. 
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howeTer, that the results as picttnred by the microphotograf^s and 
distribution curves justify the claiae of both the capability and 
over-all reliability of our photograjAlc device* In the authors* 
opinion, this is the nost i*portant conclusion to be derived from 
our investigation* 

Hovever, trends can be discerned by an exanination of our dis- 
tributions. Fro» the results, as pictrjred. It can be concluded that 
MutrOTS froa the reaction Be^(d,n)B^® are sharply peaked in the for- 
ward direction and tall off to an Isotropic dletrlbutlan at ♦ 90 
degrees to the direction of the incident deuteron beaa* It can be 
further concluded that neutrons froa this eaae reaction have a 
broader peak for increased energies and have a double-peaked distri- 
bution for all neutron energies in excess of approxiaato ly 9 SIfev* 

3* RecpBBg nda tionc 

Despite the fact that ota* curves can only show aajor trends 
in neutron distribution, this does not aean that our dsviee is 
incapable of giving noro accurate results* Energy errors of 8 per- 
cent and an angular definition of 7 degrees are adequate to give 
dlstributim curves comparable in accuracy to those of Falk, 

Schecter, and other investigators prominently mentioned in this 
report* The simplicity of our device would make it a valuable tool 
if experimental techniques were developed to a degree that would 
keep errors in determlntng angular position and energy of stripped 
neutrone within these limits* It is rceomennded that additional 
time be spent on this phase of our ixivestlgatioce* 
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Ottr preliidnary work showed that the position of the target 
in relation to the deuteron bea» nae a Tery sensitive adjnstnent 
and roqtdrad careful aligniaent. Additional tine conld bo spent 'with 
profit an this point. On the other hand, if snitable factora conld 
be theoretically and experieen-tally proved that wonld bring inten- 
sities resulting frora an eccentricity into eqiellty with those on 
the other side of the zero-degree plate, then deliberate adsallgn- 
asnt could be ttsed to detcmdns points on the distritmtlon corvo 
that were displaced in angular position fro« the fixed poel'U.on of 
the slots in the fllnholder. instead of being 15 degrees on both 
sides of the incident bean, the plates wdght re present periiaps 12 
degrees on one side and 19 degrees on the other, and so forth* 

This would effectivoly double the nuaber of useful plates in our 
doTloe and therefore lead to «ore reliable curves* 

If consistently reliable curves could be obtained with our 
cawera, it is further recoiKended that additional woric be done on 
the problen of dcteradnlng spin and parity values of unknown ntwlsar 
states with the aid of the distribution curves* Asauning that the 
spin and parity of the gromd state of a partictslar target nucleus 
were known, distribution curves for various energies of neutrons 
fro® a deuteron-induced reaction with the chosen target could be 
prepared* These cotild be compared with the theoretical curves of 
Butler for different changes in angular SKuaenta, and throu^ corre- 
lation between tl»m spin and parity values could be assigned to 
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•'/-•'Toi;/! ryiWfffi; “it vl'iitr lUln-’ »o *0# 

«tf* #£ilt j^ihissrik ,v»r33L»r’ wlJifdi't; ei > 0t-i Ir*' tl» ar^x yxcia 

«3l'u»£t i:sfuo%^«0 • ‘'o *-*< 01 ^ ••/ ‘*0 frw alot 

Sfx>‘T^trrsf ^0 caJt:T*i<yf» 3C»*i «*mo nc’X^*ro1tT:tBc' •yi.--«» 
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A^fc-'E'i ^n« .ad-oa^BH rt'Itrsaa ccX iW>a *^'■rrt^‘U^ ir'X 
o* ^ t<5 bXaco ?«rX*v taxt fiift »fc’» na«^J»X noXXtX 
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e^nited leTels in th« co^>ound micleTis* This inforaatloia would be 
of great aid in the study of the coH^lex internal structure of 



nuclei 



•rf JiJjlow »ixlT nt Wfaw# 



x^IipKiO sfiT 2 c. 
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COlCLtJSIQWS AT?D aECOMSENMTIOHS 

1. Cone Ills Iona 

Frosi our lirrestlgatlon. It is concluded that? 

a. The rAiotographic device, as llltiatrated in Figures 
IT, m, and TV, and the experiaental techniques described are 
capable of recording reliable curves of the angular distribution of 
neutrons fron deuteron-induced reactions. 

b. Ifeutrons from the reaction Be9(d,n)B^O are sharply 
peaked in the fersard direction and tail off to an isotropic dis- 
tribution at ^ 90 degrees to the direction of the incident deuteron 
bean for neutron energies belos 5«6 Ifev* 

c* There is an increase of peak width in the neutron 
distribution curves fro® the reaction Be^(d,n)B^ as rwxitron energy 
is increased fron 2.1i to ^*6 Ifev* 

d« Jfeutrons froa the reaction Be^(d,n)B^® have a double- 
peaked dlstributicm ctnrve when the energy of the stripped neutrons 
exceeds 9*U 

2. Etc once nda tlons 

It is recoMBsnded that: 

a« Additional tine be spent in refining experinental 
techniques to reduce errors in neutron distribution to those liaposed 
by the physical lindta of the aiTparatus. 
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b. Additional tiws be spent in defining the nlsaligno 
■ent that prodtices an asyaeetry in aetitron distribnticm and In 
detersainlng the practicability of using a deliberate eccentricity 
effectlTBly to double the nuraber of photographic platee in the 
device. 

c. If the curves of neutron distribution detemined by 
this photographic technique are proved consistently reliable, the 
feasibility of deteradning spin and parity values of unknenm nuclear 
states vith the aid of this technique be invest!^ ted. 
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A. ORIGIHAL DATA 



A recapitulation of all recorded rma, uith the indicated 
purpose of each, follows: 

Run A - detendnatioa of background 

Run B ~ neutron distributions froa ^5>(d,n)B^® reaction 

Run C - neutron distrlbuticais frOTi Be9(d,n)B^0 reaction 

Run D - neutrtxi distributions f^oa Be9(d,n)B^® reaction 

Rtm E - effects of eccentricity 

Run F - effects of eccentricity 

Run 0 - effects of eccentricity 

The data taken from these IndlTldual runs is as indicated below t 
1* Run A 

No counts were wade as background tracks were Insignificant 



in number* 

2* Run 6 

Plate 

Number 


Angxjlar 

Position 

(Degrees) 


Over 

50|i 


Nuidser of Tracks 

Orsr 

200u 


Over 

S0(v 


2 


150 


26 


Mi 




3 


135 


17 


- 


- 


h 


120 


13 


- 


- 


5 


105 


17 


- 


- 


6 


90 


15 


10 


- 


7 


75 


21, 


i5 


- 


8 


‘ 6o 


28 


27 


7 


9 




52 


35 


27 



'it'r* ,gwTc l'Y«Mrart If* "c i 

^r’o*‘3 1 m f>»c«rt»<T 

bcKrer^foed lo •* A skt# 

*o'il nc-'i^wsa - S izjM. 

atotl nioid'in/l'J^sifo noTti/er: - 0 hhW 

noltofcMi •o’^l axK-J.fcat'S'l'alb oeiJi'#:! - Q mH 

i:^iOi:T^^0S-r»9O lo 8.t3-?ll9 ~ I IJirl 
if«ioJfc‘S^fl*OCr3 1^ u^oslls - *? fW^ 
X^X3l’i*'^'2«ooo lo Bd’osll* "■ 0 irx? 

•weX^iJ l3«^*ol&«ri «» ai nMs'x lacb^vifiiri aeadJ- •nl ft^ab orfl 

A .1 

Mn^ctlirrgiiw:! tna^ zHo^\S bttroi^'J.ifml s£ •M* 8i»* einiroo ^ 

<d2 



fi mil .S 

•aJo«*^T lo "ledsBOXf **’ 



TCOVO 

a52?,, , 


^i»vO 

jjOOS 


•ssmO 

i|6^ 


ifilirynA 

Of>±;*lC0T 

(aeoijjsG) 


o^s:I«J 

'tadojl 




- 


dS 


O^X 


S 


- 


- 


VI 




C 


- 


- 


a 


mi 


il 


- 




VI 


<^£ 




•* 


Cl 


'^x 


o<? 


d 


- 


^11 


jiS 


cT 


V 


T 


TS 


BS 


oi> 


e 


TS 


5e 


S5 







Run B (continued) 



10 


30 


73 


88 


50 


11 


35 


m 


I5l 


8U 


12 


0 


152 


lljl 


67 


13 


15 


89 


100 


68 


111 


30 


55 


hh 


31 


35 


li5 


39 


31 


13 


16 


60 


29 


19 


- 


17 


75 


19 


10 


- 


18 


90 


16 


- 


- 


19 


105 


16 


- 


- 


20 


120 


17 


- 


- 


21 


135 


17 


- 


- 


22 


150 


16 







3* Rtm C 


Angular 


Nuaibar 


Plata 


Positicm 


of Tracks 


Nuaber 


(Degraaa) 


cmr 50u 


11 


15 


117 


11.5 


7.5 


lUi 


12 


0 


137 


12.5 


7.5 


116 



Co«tt abandoned becauea of low track denai'fy 



CfcwMfwflOo) t fW»* 



r>T 




vv 


r# 

'W 


or 


iB 




Jil 


> 


XI 


td 


XOi 




0 


SI 


56* 


<X'I 




?f 


ex 


X£ 


dU& 


c2 




U 


a 


It 






lx 


~ 




?s 


Od 




- 


01 




^nr 


TX 


- 


_ 


6£ 




1/ 


- 


- 


dx 


•^i 




- 


~ 


TI 


CSX 


« 




- 


TX 


ta 


IS 


M 






o*<i: 


ss 



mo-T to 

rrz 

lUi 







roX.i’X*®^ "• 






II 


-.T 


's.a 


0 


sx 


c.v 


?=.SI 



TfX 

d£L 



~d^%i ■ol tc UHdittjtfA dmci) 






U* Run D 
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